Abstract-Two different types of band-notch UWB-MIMO antennas are proposed in this paper. The filtering effect can be achieved by integrating slot resonators to a UWB antenna. Both of the proposed antennas have very compact size and are smaller than most of the other band-notch UWB-MIMO antennas. The ultra-wideband is achieved by etching stepped slots on the ground. The band-notch characteristic can greatly reduce the potential interference between the UWB and WIMAX/WLAN system. Our proposed antennas can also possess a wide bandwidth from 3 GHz to 11 GHz with |S 11 | < −10 dB. Some effective measures have been taken and illustrated to reduce the isolation. Measurements demonstrate that the mutual coupling between the antenna elements is good enough for a MIMO system. Their stable radiation patterns are simulated, designed and measured successfully. The good performance and compact size make the antennas good candidates for UWB applications.
INTRODUCTION
Ultra-wideband (UWB) wireless communication has attractive application prospects. Compared with traditional narrow-band and wide-band wireless communication systems such as Blue-tooth technology, UWB technology can provide much higher transmission rate. Besides, a UWB system offers some other unique and distinctive properties, for instance, lower emission power, lower cost and more security [1] , which make it more attractive than other short-range wireless communication technologies. In wireless local area networks and home audio/visual network applications such as high-speed high-definition television (HDTV) and audio/visual streams [2] , people pay more attention to high-data-rate, near 1 GB/s transmission rate. In order to achieve the requirement, more advanced techniques are needed. UWB combined with multi-input multi-output (MIMO) technology should be a wonderful solution. Some MIMO antennas for UWB applications have been proposed in the past few years [3] [4] [5] [6] .
The Federal Communication Commission (FCC) released the frequency band from 3.1 GHz to 10.6 GHz for commercial communication applications in 2002 [7] . Over the entire UWB, some other narrow-band systems already exist [8, 9] , such as wireless local area network (WLAN) operating in 5. 15-5.85 GHz and WIMAX in the 3.3-3.7 GHz. These existing narrow-band communication systems will inevitably interfere with the UWB system. In order to minimize the interference between the narrow-band system and UWB system, the UWB antennas with band-notch characteristics have been introduced. Many band-notch antennas are achieved by cutting slots in the radiator [10, 11] , and some other UWB band-rejection antennas are also implemented by etching slots on the ground [12] . Moreover, controlling the resonant frequency of the antenna is an an efficient way to achieve bandrejection feature [13] .
Body area network systems are useful and have great potential for several applications. The advantage of low emission power and high data rate will make UWB technology a promising candidate for body area networks. Two similar UWB-MIMO antennas with WLAN band rejection are proposed, which is used for a sensor device of body area network. Etching two symmetrical half-wavelength or quarter-wavelength slots on the ground, a notch band at 5.5 GHz is achieved. The frequency can be adjusted easily by changing the length and width of these slots. A T-shape slot and rectangular slots cut down on the ground are to reduce the coupling between the two radiator elements as well as enhance the isolation. The ANSOFT simulation software high-frequency structure simulator (HFSS) based on the finite element method (FEM) is used for designing, optimizing and simulating the proposed antennas.
UWB-MIMO ANTENNAS DESIGN
Recently, some antennas with UWB characteristic have been proposed. Among these design methods, one of them is to apply a stepped structure, such as gradient or cambered shapes to obtain the UWB antenna [14] . These UWB-MIMO antennas with stepped slots on the ground have already been presented [15] [16] [17] [18] . However, there is interference between the UWB and conventional narrow-band systems. Therefore, it is extremely necessary to design a UWB-MIMO antenna with the feature of band-notch. Fig. 1 shows two types of UWB-MIMO antennas with 5.5 GHz rejection. Both, printed on the FR4 substrate, have compact size of 22 mm × 29 mm, thickness of 0.8 mm and relative dielectric constant of 4.4. The top layer consists of two 50 Ω microstrip lines (microstrips with 50 Ω), and the bottom is a metal ground with several slots. Both slots in Antenna-1 and Antenna-2 (the two antennas are same except the metal ground plane) are designed to achieve 5.5 GHz band-notch, while the shapes of the two slots are different. Each slot acts as one resonator. The resonant frequency of slots mainly depends on the length of the slots. The wavelength can be calculated using the following formula:
where c is the speed of the light, f the designed band-notch frequency, and ε eff the effective dielectric constant. As shown in Fig. 1 , Antenna-1 applies two symmetrical C-shape slots which are about halfwavelength of the notch-band frequency etched in the middle of the ground. The length of the C-shape slot can be deduced by
However, different locations has different slot lengths. In Fig. 2 , slots are located on the edge of ground, and one end of each slot is open. The length is only about a quarter wavelength. In Antenna-2, two Z-shape slots with near quarter-wavelength are introduced. The length of the Z-shape can be calculated by
The EM software ANSOFT HFSS is used to design and optimize antennas. The final parameters are shown in Table 1 . Both quarter-wavelength slots and half-wavelength slots make the impedance at the band of 5-6 GHz worse and have little influence on the isolation between antenna elements, which is proved by the comparison of results shown in Fig. 4 . Electric field distributions at 5.5 GHz for the MIMO antenna without slot, with half wavelength slot and with quarter wavelength slot are displayed in Fig. 2 . It is obvious that the slots change the antenna's electric field distribution. The electric field of the antenna with slots is mainly concentrated on the slots. This leads to the impedance mismatch. Fig. 3 Shows the impedance of the MIMO antenna against the frequency. In this figure, it is clearly shown that the impedance values of the antenna with slot change greatly at the band of 5-6 GHz, especially the antenna with λ/2 slot. Comparing (b) with (c), both the slots achieve band-notch characteristic; however, the antenna with λ/4 slot is better than that antenna with λ/2 slot. For MIMO antennas, isolation among the elements is an important property. It reflects the degree of mutual coupling between the antenna elements. The isolation of antenna 1 is a little worse. In order to improve the isolation, a T-shaped slot and two rectangular slots are cut down on the ground. To further reduce the mutual coupling, one port can be placed on the other side of the substrate. Fig. 1(d) reveals the improved MIMO antenna named as "Antenna-3". Table 2 compares the proposed antenna with the most representative UWB-MIMO antennas presented in the literature. The list is not comprehensive but fairly represents the current state of the art of this technology. Though the antenna size in [6] is smaller than the proposed antenna, the proposed antenna can achieve WLAN band rejection, and the antenna in [6] cannot. Besides, the ECC of the proposed antenna is better, and the isolation is also good enough. 
RESULTS AND DISCUSSION
In order to study the actual performance of the proposed UWB-MIMO band-notch antennas, the Agilent E5071C vector network analyzer (VNA) is used to measure the S-parameters. Fig. 5 shows the fabricated prototype of the proposed antennas. To reduce interference among antenna elements and ensure the accuracy of the measurement results, a 50 Ω load is loaded into the port which is not excited. Fig. 6 show the S-parameters (S 11 , S 21 ) of the presented Antennas 1, 2 and 3, respectively. These antennas have wide impedance bandwidth. The mutual coupling of Antennas 2 and 3 are both less than −15 dB over the whole UWB (3.1-10.6 GHz). Antenna-2 has the best isolation (S 21 < −20 dB) among the three types of antennas. Envelope correlation coefficient (ECC) is an important parameter to evaluate the performance of the antenna. It is a measure that describes how much the communication channels are isolated or correlated with each other. There are two different ways to calculate the correlation factor. One is applying s-parameters to compute the correlation factor but is valid for lossless antennas only. The other method is applying the radiation pattern form, which is valid for lossy system as well. Formulations for both methods are listed as follows:
where F 1 (θϕ) is the radiation pattern when port 1 is excited and port 2 loaded with a 50 Ω load. F 2 (θϕ) is the radiation pattern when port 2 is excited and port 1 loaded with a 50 Ω load. Ω is the solid angle (θϕ). An envelope correlation coefficient value of 0.5 has been set at an acceptable value for diversity conditions. The calculation results based on the s-parameters are smaller than 0.008 within the whole operation band. Based on formula (5), ρ e ≤ 0.265. Although there are slight differences between these two results, both of them are smaller than 0.5. Accordingly, the correlations between elements are acceptable for the UWB MIMO system. Figure 7 presents the measured radiation patterns (x-y, x-z, and y-z planes) at 3.5, 7, 9.5 GHz. The radiation pattern is nearly omnidirectional in the x-y plane. The peak gain and radiation efficiencies are plotted in Fig. 8 . It is obvious that the antenna's peak gain and radiation efficiencies are stable at a high level; however, there is a sharp reduction in 5-6 GHz.
In practical applications, an antenna often needs to be connected to the main board. In order to study the effects of large ground, the proposed antenna 2 is connected to a large ground through a small strip in simulation as shown in Fig. 9 . The simulation results of s-parameters are shown in Fig. 10 . It is concluded that the large ground has little influence on s-parameters of the proposed antenna. The antenna performance can still meet the requirement of the UWB-MIMO system.
CONCLUSION
Two different types of UWB-MIMO antennas with 5.5 GHz band rejection have been proposed. By using two different types of slots, half-wavelength slot and quarter-wavelength slot, we achieve the band-notched characteristic. However, in the present design, the antenna with λ/4 antenna can achieve better band-notch feature than the antenna with λ/2. The proposed antennas have pretty good isolation (S 21 < −15 dB) and impedance (S 11 < −10 dB). It is an effective method to improve the isolation by placing two ports on different sides of the substrate. The antennas have small size and good performance, so they are suitable for wireless portable devices with UWB-MIMO antennas.
